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As coal resources are gradually being extracted at depth, the overlying strata movement behavior and stress environment become complex and violent, leading to the frequent triggering of strong dynamic hazards. To promote the productivity and effectiveness of mining activities, this paper investigated the evolution characteristics of overburden structure and stress in deep mining by using theoretical analysis, on-site monitoring, and numerical simulation. Based on key strata theory, key layers were determined, and how their movement states have a controlling effect on surface subsidence was analyzed. The evolution process of the overburden spatial structure in deep mining was revealed, which was consistent with the “O-X” type structure. The surrounding rock stress at the working face has gone through three stages, violent change, slow increase, and fluctuant increase, and strong strata behaviors appear because of the fracture and collapse of key layers. The goaf will have a significant effect on the structure, stress, and deformation of the overlying rock, which results in a larger deformation of the surrounding rock within the vicinity. The narrow coal pillar fails to maintain the stability of the overburden structure when the stress exceeds the bearing capacity. The deformation law of the surrounding rock at the roadway was studied, concluding that the existence of the goaf leads to a further increase in deformation.
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1 INTRODUCTION
The extraction conditions and geological environment of deep mines have become increasingly complex as the mining of coal resources is gradually proceeding to the deep zone. Mine tremors, rock bursts, large deformation roadways, and other dynamic hazards are frequently triggered because the deep rock mass is characterized by a high temperature, high in situ stress, and high gas pressure (Xie and Gao, 2019; Xia and Yao, 2021; Xie and Li, 2021). It is essential to reveal the evolution characteristics of overburden structure and stress in deep mines to protect the productivity and effectiveness of mining activities.
The dynamic process of deep mining is essentially the coupling action of the surrounding rock stress, overlying strata movement, and gradual compaction of the collapsed rock blocks. The mining stress field, the stress distribution state after the repartitioning of overburden stress as a result of the excavation of the working face, breaks the equilibrium of the initial stress field in rock (Guo and Yuvan, 2012; Dou and He, 2014; Ma and Westman, 2020; Zhou and Zhu, 2022; Wu and Zou, 2023; Zhang and Zou, 2023). The stress and deformation of rock mass show a significant dynamic evolution in the temporal and spatial dimensions influenced by mining stress and crustal stress. Scholars have investigated the structural and stress evolution characteristics of overlying rock strata under strong mining using theoretical analysis, field monitoring, numerical simulation, and model testing (Hatherly, 2013; He and Dou, 2015; Jian, 2017; Wang and Ma, 2018; Kuang and Li, 2019; Jiao and Wu, 2021). Based on key strata theory, thick and hard rock strata (THRS) play an important role in controlling overlying rock strata movement (Wu et al., 1997; Qian et al., 2000; Lu and Gong, 2019). Xu and Fu, (2019) analyzed the stress, energy, and size characteristics of dynamic hard strata failure and concluded that it has an obvious effect on dynamic hazards. Using numerical simulation, the effect of the fracture and movement of THRS on the pressure of coal-rock mass was studied by Yu and Zuo, (2022). The stress and fracture evolution laws of the ultra-thick hard roof have been summarized by Ju and Xiao, (2018) and are regarded as the brittle fracture for roof failure.
The strata behaviors in the stope are closely connected with the deformation and fracture characteristics of the THRS and the stability of the overburden structure in extraction (Guo and Yuvan, 2012; Ju and Xu, 2013; Mu and Liu, 2019; Mondal and Roy, 2020). THRS results in the increasing length of the hanging roof in the goaf with the advancement of the panel. When the mining distance reaches the limit equilibrium length of the THRS, the roof will break and collapse because of the combined effect of gravity and the overlying rock load (Yang and Liu, 2019; Guo and Yang, 2021; Sun and Zuo, 2021; Wang and Zhu, 2021). Meanwhile, the research indicates that the mining thickness and overburden key layer structure have a significant effect on the height of the caving zone and fracture zone (Palchik, 2015; Ju and Wang, 2019). Mine tremors are frequently induced by the failure of the THRS and the migration of the overburden structure under strong mining. To prevent or avoid tremors and other dynamic hazards, the lows of overburden structure evolution and stress field change are investigated, and effective control techniques are proposed, e.g., deep-hole blasting (Wang and Tu, 2013; Xu and Fu, 2019; Zhang and Hu, 2021a; Zou and Wu, 2022), hydraulic fracturing (He and Dou, 2012; Zou and Jiao, 2021), and material filling in the goaf (Xue et al., 2020).
In this paper, the position and thickness of key layers are identified using key strata theory. In situ monitoring technology and the finite element method are used to simulate the overlying strata movement during coal mining. The evolution characteristics of overburden structure and stress in deep mining are revealed based on surface subsidence monitoring and numerical simulation. We verify the variation law of stress and deformation in the surrounding roadway rock and analyze the stress distribution characteristics of the coal pillar. The research results could provide theoretical guidance for the prevention and control of mining-induced dynamic hazards in deep coal mines.
2 ENGINEERING BACKGROUND
The coal seam of the Dongtan Coal Mine is very thick and has a deep burial, which is typical of a deep mine. The No.6 mining area is located in the south of the Dongtan mine field (see Figure 1). All mining activities are presently carried out at the first level (−660 m). The main mining seam is the 3upper coal with a thickness of 0.50–5.40 m. The 3.5 m narrow coal pillars are set between panels. The panels 03/63, 04/63, and 05/63 in the No.6 mining area have completed extraction, and the sequence is 04/63⇢ 05/63⇢ 03/63. Up to 27 March 2021, panel 06/63 has been mined for 630.05 m.
[image: Figure 1]FIGURE 1 | Arrangement of panels in the No.6 mining area.
The tectonic of the No.6 mining area is relatively simple: developing sublevel wide and gentle folds, with anticline and syncline distribution among them. Few faults have developed in the mine area. Therefore, the influence of the fault could be ignored in the activity of overlying rock during coal mining. The maximum horizontal principal stress in this area is 24.96–27.12 MPa with the direction of SE 30.00°–31.07°, which is 1.44–1.72 times larger than the vertical stress. We drilled holes from the ground and obtained rock samples of different rock strata. Through the experimental tests, the mechanical parameters of the different rock strata were obtained, as shown in Table 1. The immediate roof above the 3upper coal seam is dark-gray siltstone with an average thickness of 4.54 m and a tensile strength of 7.57 MPa. The main roof is gray-white medium sandstone, the thickness and tensile strength of which are 30.87 m and 8.61 MPa, respectively. Multiple extremely thick and hard sandstone strata are formed above the coal seam and play a dominant role in controlling the evolution of overburden structure.
TABLE 1 | Main physical and mechanical parameters of the rock.
[image: Table 1]3 EVOLUTION CHARACTERISTICS OF THE OVERBURDEN STRUCTURE
3.1 Mechanical model of the overburden structure
With the mining of coal seam, the weak direct roof stratum collapses. The hard rock stratum above it deforms, forming a suspended structure. When the initial fracture of the thick and hard rock stratum occurs, the overburden structure changes from the fixed-end beam model to the cantilever beam model (Liu and Li, 2017; Page and Li, 2019; He and Xie, 2021). The overlying strata failure and horizontal stress transfer processes will be repeated during subsequent mining.
(1) Mechanical model of the fixed-end beam
In the initial extraction stage of the coal seam, the mechanical model of the overlying rock fixed-end beam is shown in Figure 2. The maximum tensile stress in the cross-section of the fixed-end beam is located at the position where the section bending moment is the largest and away from the neutral axis of the section. When the tensile stress in the section exceeds the allowable tensile strength of the rock, tensile damage occurs in the overlying rock strata.
(2) Mechanical model of the cantilever beam
[image: Figure 2]FIGURE 2 | Mechanical model of the fixed-end beam.
The overburden structure forms the mechanical model of the cantilever beam after the initial fracture occurs (see Figure 3). The cantilever beam breaks and collapses, and the periodic pressure phenomenon appears at the working face when the excavation length achieves the periodic collapse step.
[image: Figure 3]FIGURE 3 | Mechanical model of the cantilever beam.
The overlying load is transferred to the unbroken rock when the initial fracture happens at the main roof. Most energy is accumulated in the key layer as the dominant support stratum, which releases a large amount of elastic energy to induce the rock burst or mine tremor (Jiang and Qu, 2013; Yu and Zuo, 2022). Based on key strata theory, the overlying rock strata above the 3upper coal seam are divided into three key layers: key layer 1, a medium sandstone layer with a thickness of 30.9 m, which is 9.2 m above the coal seam; key layer 2: a fine sandstone layer with a thickness of 51.3 m, which is 83.7 m above the coal seam; and key layer 3, a fine sandstone layer with a thickness of 219.2 m, which is 135.0 m above the coal seam.
Because of the low tensile strength of the rock, cracks are generated and expanded at the end of the fixed-end beam under tensile stress and eventually fracture and break through the entire main roof. The initial fracturing span L of key layers is calculated by the following (Wang and Zhang, 2016; Yang and Liu, 2019):
[image: image]
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Where q is the overlying load of the rock stratum, Rt is the tensile strength of the rock, and E, H, and γ are the elastic modulus, thickness, and volumetric weight of the rock strata, respectively.
The results show that the initial fracturing spans of key layers 1, 2, and 3 were 95.3, 167.9, and 403.8 m, respectively. According to microseismic monitoring, the first large-energy mine tremor was triggered and located in key layer 1 when panel 06/63 advanced 93.7 5 m. The mine seismic activity occurred in key layer 2 when the panel advanced 150.75 m. The calculation result of the initial fracturing span of the key layer above the coal seam is basically consistent with the actual situation.
3.2 Evolution law of the overburden structure
The overburden structure is gradually developed from the preliminary vertical “O-X” type to the “O” type with continuous mining through the previous investigation of the evolution law of the overburden spatial structure (Dou and He, 2012; Guo and Cao, 2021; Ma and Yuvan, 2021). The formation of stress concentration in front of the working face is likely to cause a rock burst as the overlying load is transferred to the coal mass (Li and Wang, 2016; Yang and Liu, 2019). As shown in Figure 4, strong mine earthquakes occur frequently within the first square of the single goaf in each working face, forming the “O” overburden spatial structure. The SOS microseismic monitoring system is used in this paper to monitor and locate the mine earthquake events. It could realize long-distance (maximum 10 km), real-time, dynamic, and automatic monitoring of mine earthquake signals, including rock bursts, and provides the complete waveform of mine earthquake signals. The system monitors the vibration energy of more than 100 J and the frequency of 0.1–600 Hz vibration. The system has high positioning accuracy by correcting the propagation speed of vibration in the rock stratum.
[image: Figure 4]FIGURE 4 | Distribution characteristics of strong mine tremors ([image: FX 1]: E >104 J; [image: FX 2]: E >105 J; [image: FX 3]: E >106 J; [image: FX 4]: E >107 J). (A) Strong mine tremor events at panel 04/63. (B) Strong mine tremor events at panel 05/63. (C) Strong mine tremor events at panel 03/63. (D) Strong mine tremor events at panel 06/63.
The goaf below the sandstone strata is filled with fractured rock blocks during the mining of the 3upper coal seam. It causes a little accumulated settlement on the surface without sufficient movement since the movement space is small (Ma and Li, 2008; Xue et al., 2020). The large thickness and high level of the key layer lead to a small opening angle resulting from the break and fracture. In the early stage of mining, the structure of the overlying rock strata fracture in panel 04/63 is the vertical “O-X” type, forming an “O” type overburden structure in the first square of the single goaf. With the increase of the advance length, the overburden structure is gradually converted into the transverse “O-X” type (Dou and He, 2012; Yang and Liu, 2019). It is difficult to isolate the connection between goafs by narrow coal pillars (Yu and Zhang, 2016; Wang and Zhu, 2021; Song and Lu, 2022), which form the transverse “O-X” structure within the first square of the double goafs. The overlying rock strata are periodically fractured by subsequent extraction, which is in a half “O-X” break shape. The transverse “O-X” overburden structure is created in the first square of the three goafs when panel 03/63 is mined.
In Figure 5, the width of the panels is significantly larger than the coal pillar. The overlying load is delivered to the coal pillar and coal body with the length of retrieval, which will result in compression and deformation of the coal pillar. Under the increasing length of the overhanging roof, the narrow coal pillar could hardly support the overlying load, leading to failure and instability and subsequent rock burst events. The coal pillar is reserved between panels of deep mines, which is used to isolate the goaf and maintain the stability of the surrounding roadway rock (Yu and Zhang, 2016; Wu and Bai, 2019; Xia and Yao, 2021).
[image: Figure 5]FIGURE 5 | Evolution law of the overburden spatial structure. (A) Vertical“O-X”type structure. (B) Transverse“O-X”type structure in the single goaf. (C) Transverse“O-X”type structure in the double goafs. (D) Transverse“O-X”type structure in the three goafs.
4 EVOLUTION LAWS OF OVERBURDEN STRESS AND DEFORMATION
4.1 Numerical modeling
FEM was applied to establish the three-dimensional numerical simulation model of the No.6 mining area in the Dongtan Coal Mine. The extraction process was analyzed to reveal the evolution laws of overburden stress and deformation from deep mining. As shown in Figure 6, the geometry size of the model was 2,000 m (length) × 1,680 m (width) × 286 m (height). The horizontal displacement and degree of freedom constraints were set on the periphery, and vertical displacement and degree of freedom constraints were applied to the bottom.
[image: Figure 6]FIGURE 6 | The three dimensions of the simulation model.
To reveal the overburden stress and deformation law of deep mining, the mining process of panel 06/63 was studied. The excavated coal body was removed using the model change function. Application of gravity stress and initial geo-stress to achieve ground stress balance in situ stress field balance. Combined with the laboratory tests, the physical and mechanical parameters of the rock are shown in Table 1.
4.2 Evolution laws of overburden stress and deformation
Figures 7, 8 show the distribution of the maximum principal stress at the advance of 550.20 m on panel 06/63. The maximum principal stress is first concentrated in the hard interlayer between the coal seam and key layer 1. The elastic modulus of the 9.2 m thick interlayer is as high as 51 GPa, which is higher than thick and hard sandstone strata. Under the effect of mining bearing pressure, the coal body in front of the working face will be deformed to a certain extent. At the same time, the distribution of existing goafs will inevitably have a significant impact on the spatial distribution of stress, displacement, and energy accumulation in the panel (Wang and Duan, 2017; Zhang and Hu, 2021).
[image: Figure 7]FIGURE 7 | Distribution of the maximum principal stress at the advance of 550.20 m on panel 06/63.
[image: Figure 8]FIGURE 8 | Vertical section distribution of the maximum principal stress.
As of 9 April 2021, the surface settlement of panel 06/63 is monitored and the maximum cumulative surface settlement is 1,803.7 mm (see Figure 9). The offset of the cumulative settlement maximum point in the direction of mining increases gradually with the continuous advancement of the panel. This indicates that the continuous advance of the panel has caused the distribution range of the “Three Zones” of the overburden rock to extend and shift in the upper layer. The movement of the overlying key layer significantly controls surface subsidence, increasing with layer-by-layer upward fracture migration and surface subsidence activity (Jiang and Wu, 2019; Liu and Li, 2019; Wang and Jiang, 2019). Surface subsidence enters the peak state until the key layer stops rotating in the forward direction and starts rotating in the reverse direction.
[image: Figure 9]FIGURE 9 | The surface subsidence curve of panel 06/63 (monitoring stations: W1–W49).
The surface subsidence is minor at the early stage of mining, and then large subsidence occurs near the location of the open-off cut. The surface subsidence reaches the maximum at the position of approximately 1/5 mining length from the open-off cut. The end of the active period of surface subsidence depends on the stabilization of the most upward key layer movement. The final shape of surface subsidence is directly controlled by the movement state of key layers (Chen and Chen, 2019; Jiang and Wu, 2019; Xue and Xu, 2020).
As shown in Figure 10, the deformation displacement near the direction of the 05/63 goaf is the largest, leaving the direction of the goaf displacement gradually decreasing. During the mining process of panel 06/63, the roof of the back goaf collapses and forms an overburden spatial structure together with one side of the goaf. It is one of the major reasons for the asymmetric deformation of the panel surrounding rock. In addition, it will cause an increase in advancing abutment pressure on the working face causing strong strata behaviors.
[image: Figure 10]FIGURE 10 | Cloud diagram of the surrounding rock deformation distribution at panel 06/63.
4.3 Evolution law of coal pillar stress
Combined with the cloud diagram of coal pillar deformation, the coal pillar at the auxiliary transport gateway has generated the corresponding deformation and the deformation degree is large on the side near the goaf before panel 06/63 advances. With the breaking and collapse of the overlying rock strata in the goaf, the stress concentration zone is formed in the narrow coal pillar within the goaf under the action of the overlying load. As shown in Figure 11, the position of stress concentration has a relatively high degree of deformation. Because of the expanding range of the goaf, the coal pillar deformation zone develops forward but the volume of deformation decreases.
[image: Figure 11]FIGURE 11 | Prediction of coal pillar deformation on the side of the auxiliary transport gateway at panel 06/63.
The stress in the coal pillar is greatly concentrated under the self-weight stress, tectonic stress, roadway excavation, and pressure relief transfer stress. When the concentration stress exceeds the bearing capacity of the coal pillar, impact instability occurs in the middle elastic core of the coal pillar (Zhu and Chen, 2019; Zhang and Zhao, 2022). The calculation results show that the stress of the coal pillar after excavation has exceeded its bearing capacity, which has lost the role of maintaining the stability of the roadway surrounding rock. The plane distribution of mine tremors verifies the above idea that there are seismic mine events in the 05/63 goaf during the mining process of panel 06/63.
5 EVOLUTION LAWS OF SURROUNDING ROCK STRESS AND DEFORMATION
5.1 Evolution law of surrounding rock stress at the working face
The dynamic evolution of surrounding rock stress at the working face during the advancement of panel 06/63 is shown in Figure 12. During the first caving and weighting, the YHY60(B) type support resistance recorder is used to monitor the changes in mining pressure at the working face. Monitoring shows that the initial in situ stress of overburden is approximately 30 MPa. In the range of 60–120 m from the open-off cut, the overlying rock strata instantly break and collapse, showing a significant decrease and increase in the surrounding rock stress of the working face. When the panel advances to 300 m, the overlying load re-acts at the monitoring point with the overburden strata fracture, collapse, and compaction at 120–300 m from the open-off cut. The stress of overburden in the working face gradually returns to the initial stress. The surrounding rock stress fluctuates and appears to be weakly increasing, basically staying at approximately 30 MPa in the subsequent range.
[image: Figure 12]FIGURE 12 | The relationship between mining pressure and the extraction distance of the working face.
Breaking and collapsing of the overlying rock strata is a dynamic motion process. The caving zone of the overburden expands and moves forward with the mining of the panel. The evolution process of surrounding rock stress in the working face is divided into slow-increase and fluctuant-increase stages. The instantaneous fracture of the rock strata leads to the abrupt release of accumulated energy, which induces a rapid decrease in overburden stress at the stage of violent change. At the same time, the falling rock is in the shape of giant blocks, and the phenomenon of strata behaviors is obvious (Wang and Bian, 2019; Zou and Hu, 2022). At the slow-increase stage, the main roof fractures and falls again, and the collapsed rock blocks act on the hydraulic support based on the previously formed gangue, causing the surrounding rock stress to rise slowly. At the fluctuant-increase stage, the surrounding rock stress is continuously redistributed under the coal seam excavation, which experiences strong fluctuations and weak increases.
5.2 Evolution law of the surrounding rock deformation
To investigate the deformation of the surrounding rock of the roadway in panel 06/63, monitoring points were arranged in the conveyor gateway and auxiliary transport gateway to monitor the deformation of the sidewall and roof of the roadway. As shown in Figures 13, 14, the monitoring results indicate that the evolution process of the surrounding rock deformation in the sidewall and roof of the conveyor gateway and auxiliary transport gateway is basically the same.
[image: Figure 13]FIGURE 13 | The deformation of the sidewall and roof of the auxiliary transport gateway.
[image: Figure 14]FIGURE 14 | The deformation of the sidewall and roof of the conveyor gateway.
The overall trend of roof deformation is increasing at first and then decreasing, and the maximum deformation is almost at the center of the roof. The sidewall deformations of the auxiliary transport gateway and conveyor gateway are maintained at approximately 500 mm and 600 mm, respectively. The difference in the sidewall deformation of roadways is that the auxiliary transport gateway is close to the 05/63 goaf. Both sides of the conveyor gateway are coal bodies causing local stress concentration and energy accumulation, which results in larger displacements for energy dissipation and stress release.
6 CONCLUSION
This paper investigated the evolution of overburden structure and stress in the mining of the deep mine based on field monitoring and numerical simulation. The three-dimensional numerical model was established by the finite element method and the evolution law of surrounding rock stress and coal pillar stress was investigated. The main conclusions are as follows.
(1) The movement of the overburden strata conforms to the fixed-end beam model at the initial stage of excavation and is converted to the cantilever-beam model after the initial fracture. According to the characteristics of mine earthquakes, the overburden structure shows the “O-X” type spatial structure evolution and the connection between adjacent goafs is not isolated.
(2) Based on key strata theory, three key layers are determined, which play the dominant role in controlling overlying strata migration. The initial fracturing spans of key layers based on theoretical calculations are 95.3 m, 167.9 m, and 403.8 m, respectively. The final shape of surface subsidence in deep mining is significantly correlated with the movement state of key layers.
(3) The overlying rock stress concentration occurs mainly in the immediate roof and key layers. The narrow coal pillar makes it difficult to isolate the connection between the goaf and the panel. The numerical simulation revealed that the coal pillar has lost its role in maintaining the stability of the overlying strata. The adjacent goaf inevitably has a great impact on the spatial distribution of stress, deformation, and energy accumulation in the overburden.
(4) The evolution process of surrounding rock stress at the working face is categorized into three stages: violent change, slow increase, and fluctuant increase. Strong strata movement behaviors are caused by the fracture and collapse of key layers in the early mining stage of the panel. The deformation law of surrounding rock mass in the sidewall and roof of the conveyor gateway and auxiliary transport gateway is basically the same.
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